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ABSTRACT 
 
This project, entitled Modeling and Simulation of the Transmission System for a Chainless 
Electric Bicycle, consists in the design of the controllers’ logics governing a chainless electric 
bicycle’s transmission in order to accomplish certain behavior in front of inputs such as 
pedaling torque, slope gradient, frontal wind, gear selected, etc. 
To better understand it, a chainless electric bicycle replaces the conventional mechanical 
transmission (chain) by two electric machines; one in-hub motor working as a propulsion 
electric drive to move the bicycle and the other electric machine between the two pedaling 
cranks working as a generator to supply energy coming from the rider to the system. Then, 
each machine is controlled by a controller+power converter system. Besides, a battery is 
placed to act as an energy balancer whenever there is exceeding energy supplied by the 
generator or there is energy lack coming from the pedals and required by the motor. 
The main goal of the project is to design a system that could emulate a conventional bicycle 
in terms of cyclist feedback when riding it. One of the main problems of actual chainless 
electric bicycles is that the feeling of torque and speed in the rear wheel does not always 
correspond to the action being carried out in the pedals. 
Moreover, the controllers are optimally designed, and a set of riding modes (both emulating 
conventional bicycles and new modes thanks to the chainless proposed topology) are 
designed to show the great possibilities this kind of bicycles can offer in front of other 
commuting vehicles. 
The project summarizes as follows: 
- Research of similar options currently in the market and their weaknesses. 
- Mathematical model creation of the system. 
- Design of control algorithms for the electrical drives. 
- Complete system behavior checking with Matlab/Simulink. 
- Riding modes definition. 
Finally, some conclusions are presented and future related projects are brought forward to 
give an idea of the opportunities a chainless electric bicycle can bring. 
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2. GLOSSARY 
 
2.1. NAMING 
A: frontal area [m2] 
C: battery capacity [A-2] 
Cd: drag coefficient 
Cro: static coefficient of rolling resistance 
Crv: dynamic coefficient of rolling resistance 
F: force [N] 
J: rotor’s moment of inertia [kg·m2] 
K: gear ratio 
L: winding inductance [H] 
R: winding internal resistance [Ω] 
V: rotor voltage [V] 
b: friction losses constant [N·m·s] 
g: earth’s gravity [m/s2] 
i: rotor current [A] 
k: counterelectromotive and electromagnetic force constant [N·m·A-1] & control 
coefficients depending on subscript letter 
m: mass ( bicycle + rider ) [kg] 
r: radius [m] 
soc: State Of Charge 
v: bicycle velocity [m/s] 
vr: bicycle velocity + front wind velocity [m/s] 
α: slope gradient [⁰] 
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ρ: air density [kg/m3] 
τ: torque [Nm] 
ω: angular speed of the rotor [rad/s] 
 
2.2. SUBSCRIPT LETTERS 
a: aerodynamic 
acc: acceleration 
b: bearing friction 
bat: battery 
g: generator 
m: motor 
p: pedals 
s: slope gradient 
w: wheel  
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3. ORIGIN AND SCOPE 
 
This project is a Final Bachelor Thesis of the Bachelor of Industrial Engineering in ETSEIB, 
UPC, Barcelona. It has been carried out along with the department of electrical engineering 
of the university, specifically with the help of Dr. Arnau Dòria-Cerezo, the project advisor. 
Its primary goal is to make a first approach to a chainless electric bicycle transmission design 
in order to evaluate its viability in terms of efficiency and behavior. If positive results are 
obtained, the intention is to carry out a further and more profound project framed in the 
Master of Science Final Thesis and even build and test a first prototype. 
A part from that, this project has been carried out parallel to the project called “Modelat i 
Control d’una bicicleta elèctrica sense cadena de transmissió”, whose author is the UPC 
student Mèlani Martínez Páez. Her project defines the components needed for the chainless 
electric bicycle transmission based on the technical specifications plus the users’ needs. 
Then, a model of each component is done and their control is designed. Afterwards some 
simulations are done to check the overall behavior. Some of the results obtained in her 
project have been used in this one since they are trying to design different parts of the same 
device, so they have points in common. 
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4. GOALS 
 
The main goals of this project are: 
- Do some research about the nowadays use of bicycles for daily commuting, focusing 
on electric mobility. 
- Investigate about electric bicycles currently in the market, focusing on their 
transmission and specially if it is chainless, and then evaluate their weaknesses. 
- Study the human performance when riding bicycles in order to introduce coherent 
values of pedaling torque and rotational speed when simulating models. 
- Make a little research of regulations involving electric bicycles worldwide. 
- Generate a precise model of both the pedaling generator and the motor 
independently. Then, verify their performance carrying out simulations with 
Matlab/Simulink software. 
- Design the controllers of the nonlinear model. First design the controller for the 
generator and the motor separately and then join them together in one. 
- When the previous point is achieved, a complete model will be generated with all the 
components together: motor, generator, power converters, battery… And it will be 
verified again with simulations. 
- Design some modes of riding such as Fixed-gear Mode, Conventional Bicycle Mode, 
iAssited mode, Energy Regeneration Mode, Automatic Gear shifting, etc. 
- Finally, compare the transmission designed to a conventional electric bicycle and a 
conventional mechanical bicycle transmission in terms of efficiency. 
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5. INTRODUCTION 
 
5.1. HISTORY 
Source: [1] [2] 
Up until de seventeenth century, almost every human-powered activity was done with the 
hand, arm and back muscles, while the stronger muscles are found in the legs. Among these 
activities you could find farm work such as digging, sawing, shoveling, forestry… 
There is some evidence about people thinking about 
human-powered vehicles since the fifteenth century. 
By the beginning of the nineteenth century unsteerable 
two-wheelers called hobby-horse appeared in England. 
Although they were difficult to balance due to the lack of 
steering system, they were used as an aid to moving 
around on the street. 
Karl von Drais, who was the master of the forests of 
Grand Duke of Baden, found hobby-horses interesting 
for moving around in the forests but needed to lift the front wheel every time a root or a trunk 
appeared. Thus, Mr. Von Drais  invented an steering system for hobby-horses. There is no 
evidence that he knew the steering system would help balancing the hobby-horse in 
advance. However, the most important discovery in bicycle history had already been made. 
They called the invention Draisienne (Figure 1). 
Around 1839, a man called Macmillan made the first 
two-wheeler that used human power to move a wheel 
directly. He added cranks to the rear wheel and 
connected rods for swinging pedals. He is known for 
being the inventor of the first bicycle. 
Afterwards, the pedals as we know them nowadays 
were invented. They were added in the front wheel, 
which became larger and larger while the rear wheel 
became smaller. This was done to give a longer 
distance for every pedaling revolution, which led to a 
Figure 1. The Draisienne, the first steered 
two-wheeler invented by Mr. Von Drais. [3] 
Figure 2. An example of High Wheeler. [4] 
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greater speed. This type of bicycle was called High Wheelers (Figure 2). 
In 1876 the tangent-method of spoking was invented, and it has last until our days. 
Over the years ball bearings started to be used in wheels and steering heads, the tire 
switched from wooden to rubber and rims and forks were made from hollow tubing. 
It suddenly became a sign of freedom in center Europe and USA. Despite the feeling, a 
bicycle rider of that time had to be athletic, wealthy and had to be dressed properly in order 
to be able to ride the bicycle. 
Around 1885, bicycles evolved to almost what they are now. They began using diamond 
frames, variable gears, freewheels, tubular frames, band brakes.. 
It was not until 1888 that the pneumatic tire was patented by John Boyd Dunlop. Pneumatic 
tires brought safety, speed and comfort. 
Up until today, only refinement in components has been accomplished, but the general idea 
remains the same as the one in the early 1900s. 
 
5.2. BICYCLE PRINCIPLES 
 
A bicycle is a human-powered two-wheel vehicle driven by applying a torque to a crank with 
the rider’s feet, which is transmitted to the rear wheel by a chain. 
Figure 3. Bicycle parts. [5] 
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As we all know, bicycles lack lateral stability when stationary. While moving, in order to 
maintain stability, the rider must steer the front wheel to keep the center of mass over its 
wheels. This is usually done by the rider, although in certain moments such as leaning, the 
bicycle itself helps achieving stability by centrifugal forces and gyroscopic effect of the 
wheels. There is also an important aspect in bicycle maneuverability, which is the trail. The 
trail is the distance between the steering axis road contact point and the front tire contact 
point. The more trail a bicycle has, the more stable it feels, even though it becomes difficult 
to steer.  
 
Bicycles are environmentally friendly since there is no need of consuming any type of fuel to 
ride it. Ivan Illich once said that thanks to bicycles the usable physical environment for people 
was extended. 
Figure 4. Some types of bicycle: 1. Non-foldable urban bicycle, 2. Foldable urban bicycle, 3. Mountain Bicycle, 4. Road 
Bicycle, 5. BMX. [6] 
1 
2 
3 4 
5 
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Another point worth stating is that even though bicycles appeared as vehicles for wealthy 
and fashionable people, they have become one of the cheapest way of commuting, since 
they can be found at an affordable price and maintenance is much cheaper than many other 
more complex vehicles. 
Regarding energy efficiency, bicycle is the more efficient human-powered vehicle. 
Approximately 99% of the energy delivered by the cyclist’s legs get to the rear wheel. There 
are little loses in transmission and friction. 
 
5.3. BICYCLES FOR URBAN COMUTTING 
There are more bicycles than cars in Europe. [7] The annual bicycle production is around 
100 million units while the car industry produces around 40 million units per year. However, 
only 10% of these bicycles are used on daily commuting. Figure 5 shows the percentage of 
trips done by every transport mode in developed countries. Positive point: there is space for 
new and fresh ideas to boost this number. 
 
 
On average, a new bicycle costs 30 times less than a new car and 7 times less than a 
motorbike. 
10	  
23	  
13	  
51	  
3	  
Bicycle	  Walking	  Public	  transport	  Car	  Other	  
Figure 5. Percentage of trips realized in different commuting ways in 
developed countries. [8] 
MODELING AND SIMULATION OF THE TRANSMISSION SYSTEM FOR A CHAINLESS ELECTRIC BICYCLE 17	  
 
 
When cycling, only 35 calories are needed to move a rider and his/her bicycle one mile, while 
doing the same trip by car expends 1,860 calories. A study carried out by an environmental 
European commission in 1999 showed that the air breathed inside a car has twice as much 
CO as the outside air breathed from the street near the car. Moreover, a UK study stated that 
regular cycling boosts health benefits 20 times over health risks.  
 
5.4. THE ELECTRIC BICYCLE 
Since 2006, electric bicycle sales in the European Union have steadily increased from 
98,000 units in 2006 to almost 1 million units in 2013, more than a 900% increment, as 
shown in Figure 6. 
 
 
 
Nowadays, 15% of all bicycles sold are battery assisted, compared to 10% 3 years ago. 
Therefore, the electric bicycle business has become a 11$ billion industry [10]. 
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Figure 6. Evolution of electric bicycle sales in the EU from 2006 to 
2013 in thousands of units. [9] 
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Moreover, in Figure 7 appears the distribution of electric bicycle sales sorted by country in 
the European Union. Nowadays, Germany is taking almost half of the total market, followed 
by the Netherlands with a 21% of share due to their great bicycle infrastructure and facilities. 
 
 
In spite of all the efforts of promoting electric bicycles in Europe, China maintains its 
leadership with around 95% of all electric bicycle acquisitions in the world [10]. 
A study made in 2009 [11] predicts that more than 466 million electric two-wheel vehicles will 
be sold in the period between 2010 and 2016. In addition, in 2018 almost 50 million electric 
bicycles will be sold, even though most of them will be sold in China, according to this study 
(Figure 8).  
 
 
 
 
 
45%	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9%	  
6%	  6%	  
4%	  3%	   2%	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  Others	  
Figure 7. Distribution of electric bicycle sales in the EU by country. [9] 
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Just to state some of the benefits of commuting by electric bicycle instead of internal 
combustion vehicles, there is no need to say the amount of emissions saved from delivering 
to the environment and the amount of money saved from fuel, maintenance and insurances. 
Focusing on the last point, the cost per mile of an electric bicycle taking into consideration 
energy, purchase price and riding is 0.05€, while the cost of doing the same trip by car goes 
up to 0.21€, more than 4 times the price [12]. Moreover, modern electric bicycles hold a 
range between 30 and 80 km, well inside most daily commuting distances. That is why, as 
shown in Figure 9, car sales in Europe have been diminishing dramatically over the last 
years while electric bicycle sales have been steadily upgrading. 
0	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   10	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   20	   25	   30	   35	   40	   45	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Western	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Figure 8. Projected worldwide sales of electric bicycles in 2018, in million units.[9] 
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5.5. STATE OF THE ART 
An electric bicycle is a bicycle that uses an electric motor as an aid to propulsion along with 
the pedals. The location of the motor is commonly either inside the hub of the rear wheel or 
coupled in the pedals by a gear system. There are two main types nowadays in the market, 
Pedelecs and Power-on-Demand e-bikes. 
Pedelecs (Pedal Electric Cycle) are electric bicycles where pedaling is assisted by an 
electric motor. Therefore, the motor only helps the rider when he/she is pedaling, and cannot 
actuate by itself. Normally, depending on the country regulations, the motor can help the 
rider up until a certain speed, where it shuts down leaving the rider pedaling alone. 
On the other hand, Power-on-Demand electric bicycles have a sort of throttle installed in the 
handlebar to control the motor’s helping-torque independently form the pedaling torque 
applied by the rider. Therefore, this type of electric bicycles can be ridden like an electric 
motorbike or by both pedaling and throttle rider control. 
Most of the electric bicycles currently in the market use an hybrid transmission system: chain 
transmission + electric motor. The rider applied torque is transmitted mechanically to the rear 
wheel by a chain while the electric motor helps propelling the bicycle with a rider-selected 
intensity. 
Figure 9. European Union Vehicle Sales from 2000.[13] 
MODELING AND SIMULATION OF THE TRANSMISSION SYSTEM FOR A CHAINLESS ELECTRIC BICYCLE 21	  
 
 
Since this projects is trying to study a new type of transmission and its design, the attention 
has been focused on those electric bicycles out there in the market with an innovative 
technology while ignoring those with this conventional hybrid transmission explained above. 
The first electric bicycles worth mentioning are those manufactured by Haibike from 
Germany. They are focused on mountain and road bicycles. They use a drivetrain developed 
by Bosch AG which consists of a gear system mounted in the pedals that sums both rider 
and electric motor power to deliver it to the chain. Concerning the battery, they use a 
removable battery located on top of the down tube of the frame. These bicycles come with a 
LCD on the handlebar that provides the rider with information about both the trip and the 
bicycle while providing a great interface for selecting modes of riding and other settings. 
 
 
Another interesting electric bicycle is the Jivr Bike. It has a chainless transmission like the 
one this project tries to design, though the solution is completely different. The first thing that 
comes out is the astonishing and futuristic design. It has an hybrid transmission that 
combines a cardan transmission in the rear wheel run mechanically by pedaling and an 
Figure 10. Haibike XDuro Fullseven.[14] 
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electric 250W brushless in-hub motor in the front wheel for assistance. Its range is about 30 
km and it only weighs 15 kg. It is ridden in three different modes: 
- Mechanically: without any assistance from the electric motor. 
- Electrically: without pedaling, propelled by the electric motor. 
- Assisted: a combination between the two previous modes. 
Other points worth stating are: 
- Foldable: the bicycle can be folded for less space occupation. 
- Thumb throttle: it has a throttle installed in the handlebar to control the electric motor 
power output. 
- It is Arduino controlled. 
 
 
This project tries to design a new type of chainless transmission system for electric bicycles. 
The main principle of this type of transmission is the absence of a mechanical transmission 
driven by a chain. In replace, there is a motor generator in the pedals that supplies energy 
Figure 11. The Jivr Bike unfolded. [15] 
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when the rider is pedaling. Then the energy is consumed by an electric motor in the wheel 
that provides the required torque. There is a battery supplying and storing energy when 
necessary, acting as an energy balancer. More detailed information about this chainless 
transmission system performance will be found in later sections. 
Only one serious and fully developed electric bicycle with this type of transmission has been 
found out in the market. It is called Mando Footloose. 
These are some technical specifications along with some interesting information about the 
bicycle: 
 
Tech specifications 
 Max. Speed: 25 km/h 
 Range: 30 km (battery alone), 45 km (both battery and rider) 
 Motor: dual motor 250 W 
 Battery: 36 V, 8,2 Ah (Built-in Lithium-Ion battery). Charging time: 5 hours. 
 Tire diameter: 20 ‘’ (508 mm) 
 Frame: aluminum 
 Fork: carbon fiber 
 Weight: 21.7 kg 
 Price: 3,990 € 
 
Modes of riding 
The rider can choose whether to ride the bicycle as it would be done with a general 
bicycle or ride it by throttling. In the first mode, the bicycle would act as a normal one 
providing an output power proportional to the one provided by the rider. In this mode, 
the rider can choose from low, average or high battery use, which means different 
assistance from the battery. When throttle is used, the rider can select the output 
power by pulling the throttle lever. In this second mode, the rider can still keep 
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pedaling to produce energy independently choosing from soft, medium or hard 
pedaling changing then the amount of energy produced. 
 
Others 
ECU: Electronic Control Unit + Self Diagnosis Center. 
Automatic gear shifting with slope grade sensors. 
HMI: human machine interface, screen to interact with rider with all the information 
and also used as a key to prevent the bicycle from thieves. 
Foldable. 
 
During the realization of this project, the author had the opportunity to meet certain people 
who had test the Mando Footloose by themself, and all of them agreed in saying that this 
bicycle has an unpredictable behavior and the rider’s feedback does not always correspond 
with the rider’s will. 
This project will try to design the controller logics needed to make this type of transmission 
fun and easy to use by any type of acquainted bicycle rider, being able to ride it without any 
type of extra training. The rider’s feedback has to be clear and familiar, while the bicycle 
response to the rider’s feet movement and applied torque has to be fast and intuitive. 
 
Figure 12. The Mando Footloose unfolded. [16] 
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5.6. REGULATIONS 
There is not such an international law concerning electric bicycles. In contrast to that, every 
country has its own regulations even varying from state to state. In this section a law 
comparison will be developed between EU and USA regulations of the electric bicycle use. 
First of all, in the EU for a bicycle to be considered an electric bicycle it has to be pedal 
assisted [17], which means that the electric motor can only help the rider when he/she 
pedals, not alone. However, in the USA an electric bicycle can be run completely electric 
without any human aid. 
The maximum electric motor power in a European electric bicycle is 250W, besides the 
750W permitted in the States. 
Concerning speed, the maximum velocity at which the motor can help the rider in Europe is 
25 km/h, whereas in the USA the motor can propel the bicycle by itself until 32 km/h. The 
maximum battery voltage permitted in Europe for electric bicycles is 48V, while in the USA is 
not defined or regulated by state regulations. 
Finally, in Europe, since no electric motor can run alone for the bicycle to be considered and 
electric bicycle, a recent regulation has been added to help setting off. When the bicycle is 
motionless, a throttle can be actuated until the bicycle speed gets to 6 km/h in order to help 
the rider starting. 
 
	  	   EU	  (2002/24/EC)	   USA	  (15	  U.S.C.	  2085	  (b))	  
Maximum	  Motor	  
Power	   250	  W	   750	  W	  
Motor-­‐aided	  Top	  
Speed	   25	  km/h	  (pedal	  assisted)	  
32	  km/h	  (pedal	  assisted/100%	  
electric)	  
Battery	  Voltage	   48V	   Depending	  on	  State	  
Other	   Setting	  off	  throttle	  until	  6	  km/h	   -­‐	  
 Table 1. Comparison between EU and USA regulations concerning 
electric bicycles [18]. 
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Concerning regulations, this project is not trying to place a product in the market, it is only 
trying to test a new type of electric vehicle transmission resembling a bicycle but without a 
mechanical transmission between the human muscle and the road. Therefore, a part from 
stating these regulations, they will not be taken into consideration during the realization of the 
project.  
 
5.7. HUMAN CYCLING PERFORMANCE 
After some research, there are some facts about a mid-age non-professional cyclist human 
performance that have to be taken into consideration to select coherent values of pedaling 
pace, pedaling torque, mass, etc. in order to make realistic simulations and obtain useful 
results. The collected data is the following: 
- The average weight of an adult person in the developed world is between 70 and 80 
kg. [24] 
- At low speed, a lower pedaling speed is more efficient. Therefore, a top gear must be 
selected. Whether at higher speed, a greater pedaling pace is recommended, so the 
gear has to be adjusted. Anyway, the maximum muscle efficiency is found at an 
average pace of 50 rpm (5.23 rad/s). [25] 
- A non-professional cyclist could supply a maximum power output of 1.5 hp (1100W) 
for 5 seconds, 0.54 hp (400 W) for a minute and 0.05hp (40W) for long periods of 
time at pedaling rates between 40 and 60 rpm. Therefore, assuming a pedal crank of 
20 cm, an average rider could supply a pedaling torque of 60-80 Nm for short periods 
of time and 30-50 Nm for longer periods of time. [25] 
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6. MODEL 
6.1. TRANSMISSION SYSTEM MODELING 
When riding any type of bicycle, there are certain external forces that have to be overcome 
by either the rider or an electric motor as shown in Figure 13.These forces are caused by 
aerodynamic drag (Fw), gravity (Fs), bearing and tyre friction (Fb) and acceleration (Fa). The 
rider’s force is also shown in Figure 13 (F). 
 
The sum of all the forces acting when cycling becomes this expression: 
 F − F! − F! − F! − F! = 0 
 
When split, each force is: 
 
𝐅 = !!!!                            𝐅𝐰 = C! · ρ · A · !!!!                   𝐅𝐬 = m · g · sin  (α) 
 
𝐅𝐛 = m · g · (C!" + C!" · v)                      𝐅𝐚 = m · !"!" 
Figure 13. Forces to overcome when riding any bicycle. 
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The force needed to overcome acceleration can also be expressed like: 
 
𝐅𝐚 = m · r · dωdt  
 
Where r is the rear wheel radius of the bicycle and ω is the angular velocity of both the 
wheel and the motor rotor. 
When talking about a mechanical bicycle, there is proportionality between the speed of the 
rear wheel and the speed of the pedals and between the torque applied in pedals and the 
torque applied in the rear wheel. The ratio between these pair of values is called gear ratio 
(K), and is what you change when shifting gears on the handlebar: 
 
K = τ!τ! = ω!ω! 
 
When trying to design a chainless electrical bicycle transmission, the first goal is to 
accomplish an easy-to-use and familiar device that any regular bicycle rider is able to use in 
a safe and fun way. The rider needs to feel that what he/she does with his/her feet is related 
to what happens on the wheel. For that reason, the gear ratio is going to be from now on an 
important aspect of the project to keep in mind all the time. 
Normally, electrical bicycles have a mechanical transmission driven by a chain and an in-hub 
motor that helps the cyclist when pedaling with an intensity chosen by the rider. However, a 
chainless electrical bicycle works different. There is no mechanical transmission at all. When 
pedaling, the cyclist generates energy by spinning a motor generator. Independently, there is 
an electrical motor in the wheel moving the bicycle. As an energy balancer, there is a battery 
that stores energy when the generation exceeds demand and supplies energy when demand 
is greater than generation. Therefore, the power generated in the pedals plus the power 
delivered by the battery equals the power demanded by the motor plus the internal losses of 
the entire system. The next equation clarifies this balance: P!"# + P! = P! + P! 
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Pbat: power delivered by the battery [W]. 
Pg: power generated when pedaling [W]. 
Pm: power consumed by the electric motor in the rear wheel [W]. 
Pl: power wasted due to internal losses [W]. 
 
As shown in Figure 14 there is a generator (G) where the pedals are located, a motor inside 
the wheel (M), two power converters controlled by the Electronic Control Unit that get 
information from sensors both in the generator and the motor, and a battery. 
 
 
The power converter’s equations are the following: 
 V! = u! · V!"#                      V! = u! · V!"# i! , = u! · i!                       i! , = u! · i! 
Figure 14. Chainless electric bicycle transmission diagram. 
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The current balance is: 
 i!"# = i! , − i! , = u! · i! − u! · i! 
 
To start with, the basic equations of a DC electrical motor are the following: 
 
 Mechanical equation: 
J · dωdt = −b · ω + k · i − τ 
 b·ω : mechanical internal friction losses [Nm] 
 k·i : torque generated [Nm] 
 τ : resistant torque, load [Nm] 
 
 Electrical equation: 
L · didt = −R · i − k · ω + V 
 
 R·i : internal losses due to electrical resistivity [v] 
 k·ω : electrical load [v] 
 V : input voltage [v] 
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Focusing on the chainless electrical bicycle transmission, the motor will be run 
under these mechanical and electrical equations: 
 
J! +m · r! dω!dt = −b! · ω! + k! · i! − r! · (F! + F! + F!) 
 
L! · di!dt = −R! · i! − k! · ω! + V!"# · u! 
 
The resistant torque from the general mechanical equations (τ) has been replaced by the 
sum of the bicycle resistant forces times the wheel radius (to get torque instead of force), 
excluding the torque needed to accelerate the bicycle, that has been included in the 
differential part of the equation. The input voltage has also been replaced by the voltage that 
results after the power conversion from the battery. Finally, a subscript m has been added to 
all the components to distinguish everything from the generator’s equations. 
On the other hand, the generator’s equations are: 
 
J! · dω!dt = −b! · ω! − k! · i! + τ! 
 
L! · di!dt = −R! · i! + k! · ω! − V!"# · u! 
 
Firstly, it can be easily seen that most signs have been changed. That is because the motor 
generator in the pedals supplies energy, it does not consume. A part from that, the load has 
been replaced by the pedaling torque applied by the cyclist (τp), whereas the applied torque 
of the motor becomes the resistant torque that the rider has to overcome. The input voltage 
is obtained with the power converter equation. Finally, a subscript g has been included to 
distinguish the generator’s components from the motor’s.  
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Finally, the model chosen for the battery is the following: 
 d(soc)dt = −C · i!"# = −C · i! , − i! , = C · (u! · i! − u! · i!) 
 
Where “soc” is the State Of Charge, ranging between 0 and 1, where 1 is completely 
charged and 0 is completely discharged. C is the battery capacity, the greater the magnitude 
of C the smaller the battery. 
Summing up, the complete model of the chainless electric bicycle transmission is: 
 
J! +m · r! dω!dt = −b! · ω! + k! · i! − r! · (F! + F! + F!) 
 
L! · di!dt = −R! · i! − k! · ω! + V!"# · u! 
 
J! · dω!dt = −b! · ω! − k! · i! + τ! 
 
L! · di!dt = −R! · i! + k! · ω! − V!"# · u! 
 d(soc)dt = C · (u! · i! − u! · i!) 
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6.2. POWER REQUIREMENTS 
In order to make an estimation of how powerful our chainless electrical bicycle motor has to 
be, the worst possible case has to be fixed and the motor has to be capable of overcoming it. 
There are four types of external power that the motor has to overcome: aerodynamic drag, 
gravity, friction and acceleration. [15] 
 
6.2.1. Power to overcome hill climbing 
 𝐏𝐮 = g ·m · Vgr · sin  (θ) [W] 
 
g: earth’s gravity [m/s2] 
m: rider+bicycle mass [kg] 
Vgr: ground speed [m/s] 
θ: slope grade [rad] 
 
6.2.2. Power to overcome aerodynamic drag 
 Fa = Cd · ρ · A · V!"#! /2 𝐏𝐚 = Fa · Vg [W] 
 
Fa: wind drag force [N] 
Cd: coefficient of drag (approximately 1 for a bicycle rider) 
A: frontal area [m2]  
Figure 15. Slope calculation method. 
θ 
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  Area (m2) (%) of total 
Head 0.036 7.14 
Torso 0.127 25.20 
Arms 0.09 17.86 
Upper legs 0.094 18.65 
Lower legs 0.053 10.52 
Feet 0.025 4.96 
Hands 0.026 5.16 
Bicycle 0.053 10.52 
Total 0.504   
 
Vrel: relative speed in air [m/s] 
ρ: density of air [kg/m3] 
 ρ = 1.2 · e!!.!"#·! 
h: elevation above sea level 
 
6.2.3. Power to overcome rolling resistance 
When travelling at low speed, the major part of the power needed to run the bicycle is 
to overcome the rolling resistance. 
 𝐏𝐫 = g ·m · Vgr · Cr [W] 
 
g: earth’s gravity [m/s2] 
m: rider+bicycle mass [kg] 
Table 2. Frontal area of certain parts of the human body of a 80 kg 
street clothed man riding on 26-inch mountain bicycle. [15] 
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Vgr: ground speed [m/s] 
Cr: coefficient of rolling resistance 
 
The total effects of rolling resistance were measured by William C. Morchin and 
Henry Oman [15] over a smooth concrete factory floor. They found out that the 
coefficient of rolling resistance varies with the vehicle mass. 
 𝐂𝐫 = 0,0031 + 0,34/m (tires inflated with 35 PSI (2,4 bar) of pressure). 
 
This calculation is only reliable when riding on smoothened surfaces. 
 
 
6.2.4. Power for acceleration 
 
𝐏𝐚𝐜𝐜 = !! = !·!! = !·!·(!!·!!!!·!·!!)! = m · a · v! + !! ·m · a! · t [W] 
 
W: work done to accelerate rider+bicycle from initial speed to actual speed [N*m] 
F: force made to accelerate rider+bicycle [N] 
s: necessary distance to boost velocity at a certain acceleration [m] 
t: time spent in acceleration rider+bicycle [s] 
m: mass of rider+bicycle [kg] 
a: acceleration [m/s2] 
v0: initial speed [m/s] 
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6.2.5. Total power requirements 
 
 𝐏 = P! + P! + P! + P!"" 
𝐏 = g ·m · Vgr · s + Cd · ρ · A · Vgr · V!"#!2 + g ·m · Vgr · Cr +m · a · v! + 12 ·m · a! · t 
 
 6.2.6. Motor power estimation 
Two extreme situations have been considered: steepest slope and high speed. In 
both cases the calculations have been made in order to assure that the bicycle could 
move 100 kg (rider+bicycle) accelerating at 1 m/s2. In the first case, a slope degree of 
10% and an average speed of 3 m/s have been considered, whereas in the second 
case the speed has been increased to 8 m/s and the slope degree have been 
reduced to 4%. 
For the first case, a 600W motor would be needed. For the high speed one, a 750W 
motor would be needed. Therefore, a motor between 600 and 800W of nominal 
output power would be necessary to ensure the capability of overcoming difficult 
situations such as steep slopes and high velocity trips. 
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7. CONTROL DESIGN 
In this section, the controller design, both the generator’s and the motor’s, will be designed. 
As an introduction, the generator and motor behavior will be defined. The main goal of this 
design is to make a close resemblance between a conventional bicycle behavior and this 
chainless electric bicycle behavior in order to let any inexperienced and untrained rider the 
opportunity of being able to ride this type of bicycle and getting good feedback feelings and 
good response. Therefore, the generator’s speed (pedaling rotational speed) will be equal to 
gear ratio times the rational wheel speed, exactly the same behavior than a conventional 
bicycle with mechanical transmission. Then, the pedaling torque will be measured by a 
sensor and the motor torque applied in the rear wheel will be the gear ratio times the 
pedaling torque. 
This behavior exposed in the previous paragraph is an ordinary bicycle behavior without 
losses, since the power generated in the pedals and the power consumed to move all the 
system are equal: 
 P!"#"$ = P!"#"$%&'$    [W] 
 τ! · ω! = τ! · ω! 
 τ! = K · τ!                    ω! = K · ω! 
 
7.1. GENERATOR CONTROL DESIGN 
In this section the model of the generator will be transformed to state space and afterwards it 
will be turned into a transfer function. Then, the generator constants will be defined and the 
controller will be chosen. Finally, the response requirements will be set and the controller’s 
gains will be found. 
7.1.1. From Model to State Space 
First of all, let us remember the model chosen for the generator. In this case, the torque 
applied by the rider on the pedals is assumed constant: 
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J! · dω!dt = −b! · ω! − k! · i! + τ! 
 
L! · di!dt = −R! · i! + k! · ω! − V!"# · u! 
 
Knowing a state space system is like this: 
 x = A · x + B · u y = C · x + D · u 
 
The generator’s state vector (x) and input vector (u) are: 
 
x = ω!i!                              u = u! 
 
Then, the generator’s system matrices are the following: 
 
A = − bgJg − kgJgkgLg − RgLg                  B = 0− !!"#!!                   C = 1 0  
 
Note that D matrix is null, since the output does not depend on the control input, and the 
pedaling torque has been obviated due to being an external disturbance. The pedaling 
torque will surely make some changes in the response behavior but these changes, if 
correctly designed, will be of little magnitude. 
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7.1.2. Constants definition 
Next step is giving a numerical value to all the constants appearing in the system to be able 
to calculate the matrices of the system and afterwards design an optimal controller. After a 
thorough research, coherent values of Jg, bg, Lg, Rg have been chosen according to the 
project specifications. These values are: 
 
 bg = 0.001 [Nms] 
 Rg = 0.01 [Ω] 
 Jg = 0.0001 [kg·m2] 
 Lg = 0.0001 [H] 
 
Then, the battery voltage to operate the electric bicycle needed to be chosen. As seen in the 
2. Origin and Scope section, during this project realization another student was carrying out 
the design of the hardware of the project such as motor, generator and battery sizing. 
Therefore, since that student chose a battery voltage of 48V to run her project, the same 
battery voltage will be used for this project from now on. For this section, the battery voltage 
will be considered constant to simplify the design. Nevertheless, a complete battery model 
will be used when running simulations of the entire system of the bicycle. 
When we ignore the losses and the transition state in the electric equation of the generator 
model, everything is simplified to: 
 k! · ω! = V!"# · u! 
 
Then, the most extreme situation desired has to be defined. The ug input can have a value 
between 0 and 1 because the power converter can provide the generator with voltages 
between 0 and the battery voltage. When is 1, the resistant torque felt by the rider in the 
pedals will be the minimum taking the rotational speed into consideration. Therefore, the 
most extreme situation found in the pedals is the maximum speed desired. Then, 120 rpm 
has been defined as the top pedaling pace, which is equivalent to 12.6 rad/s in the 
40	   MODELING AND SIMULATION OF THE TRANSMISSION SYSTEM FOR A CHAINLESS ELECTRIC BICYCLE	  
 
   
International Unit System and will boost the input variable to 1, which is the maximum value 
of the control input can ever reach. With this configuration, the kg value becomes 3.8. 
The next step is choosing the input constant pedaling torque, wheel rotational speed and 
gear ratio to run testing simulations to check the controller design. All of them will be the 
most adverse possible in order to assure a correct behavior in all kinds of situations. The 
value of the pedaling torque applied by the rider can be taken from the Human Performance 
section of this project. Therefore, a value of 40 Nm has been considered coherent to make 
some simulations and guarantee the generator control design. When defining the maximum 
wheel rotational speed, the gear ratio will be fixed due to the previous definition of the 
maximum pace of the pedals. The generator rotational velocity equals the gear ratio (K) 
times the wheel rotational speed (ω!)  due to the intention of emulating a conventional 
mechanical bicycle behavior. Just as a reminder, this project is trying to design control 
procedures to let an ordinary bicycle cyclist ride a chainless electric bicycle without any need 
of special skills. To accomplish that, there has to be proportionality between the pedaling 
pace and the rotational speed of the wheel, hence the gear ratio. 
The gear ratio (K) is described by the following equation: 
 
K = ω!ω! 
 
 Then if we want a gear ratio that makes the bicycle move at 35 km/h (9.72 m/s, 32 rad/s 
assuming a wheel radius of 0.3 m approximately) when the rider is pedaling at 120 rpm, the 
gear ratio is: 
 
K = ω!ω! = 12.632 = 0.4 
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7.1.3. From State Space to Transfer Function 
After all the constants definition, the state space matrices are the following: 
 
A = −10 −3800076000 −200                  B = 0−960000                   C = 1 0  
 
Now, the transfer function of the system is required. For this purpose, the “state space to 
transfer function” equation is used [30]: 
 G s = C · (s · I − A)!! · B + D 
 
For the generator, the transfer function is the following: 
 
G s = 3.648 · 10!"s! + 210 · s + 2.888 · 10! 
 
G(s) will then be the plant of the system that is going to be controlled. The plant has 2 poles 
and no zeros. The poles and the gain are: 
 p!,! = −105 ± 53740j k = 3.648 · 10!" 
 
7.1.4. Controller definition 
Next step is choosing the controller. For this system, a PI (proportional+integral) controller 
has been considered the optimum to accomplish fast enough response while canceling the 
permanent error. This type of controller adds a zero and a pole to both the open and close 
loop system. 
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Figure 16 shows how the final close loop system architecture will look like:  
 
The PI controller will be the following: 
 
C s = k!" + k!"s = k!" · s + k!"s = k!" · s +
k!"k!"s = k!" · s + as  
 
Then, the generator’s close loop system is: 
 
H s = C s · G(s)1 + C s · G(s) = k!" · k · s + as · s − p! · (s − p!)1 + k!" · k · s + as · s − p! · (s − p!) 
 
Where k is the plant’s gain, a is the connection between the proportional and the integral part 
of the controller and p1,2 are the plant’s poles. Therefore, since two unknown values have to 
be found (“a” and “kpg”), two control requirements have to be fixed. 
7.1.5 Controller requirements definition and gain obtaining 
As seen in the previous section, two different control requirements have to be defined in 
order to design the controller. For this system, the setting time and a first order behavior 
have been chosen as the response requirements. 
To choose coherent setting time for a step input, it will be taken into consideration that the 
system that is being controlled is a motor generator emulating the pedals of a conventional 
Figure 16. Close loop generator system with the plant, the PI controller and their unitary 
feedback. 
MODELING AND SIMULATION OF THE TRANSMISSION SYSTEM FOR A CHAINLESS ELECTRIC BICYCLE 43	  
 
 
bicycle attached to the cyclist legs. For that reason, a too fast setting time would cause an 
aggressive, uncomfortable and even danger step response for the cyclist’s legs. 
Furthermore, fixing a relatively slow response will help getting a first order behavior without 
oscillations. 
To begin with, a setting time of 1 second has been chosen. Since a first order behavior is 
wanted and the transfer function of a first order system is the following: 
 kτ · s + 1 
 
The setting time to reach 98% of the final response value is 4·  𝜏. This way, the value 
accomplished by the system after the setting time fixed when designing the controller will be 
98% of the final value. In the generator’s system, 𝜏 equals 0.25 seconds, therefore, one of 
the three close loop system’s poles will be s=-4. This pole that has just been found is 
required to be dominant over the other two to ensure first order behavior and setting time as 
chosen. 
When drawing the open loop root locus [23] an always real pole can be found (the one that 
has just been fixed to s=-4) moving from 0 when kpg=0 to –a=-kig/kpg, which is the system’s 
zero, when kpg= ∞. Besides, there are to complex and conjugate poles moving from the 
plant’s poles when kpg=0  to a certain asymptote when kpg= ∞. 
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Consequently, to ensure a dominant role of the previously found pole and therefore, a first 
order behavior, the complex conjugate poles’ asymptote will be fixed far enough from the real 
pole. The next connection has been made between the real pole and the intersection point 
between the asymptote and the real axis: 
 c = dominance · real  pole 
 
Where c is the intersection point between the asymptote and the real axis. The dominance 
for this system has been fixed to a minimum value of 10 and the real pole is the one 
previously found: s=-4. To get a clearer idea, in Figure 18 a visual explanation can be found: 
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Figure 17.Generator’s root locus. Evolution of the close loop poles depending on kpg value. 
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Analytically, the intersection point between the asymptote and the real axis can be found with 
the following equation: 
 
c = p!! − z!!n! − n!  
 
Where p!!  is the sum of the open loop poles, z!!  is the sum of the open loop zeros, n! is 
the number of poles and n! is the number of zeros. Then, the next equation is accomplished: 
 
dominance · real  pole = p!! − z!!n! − n!  
 
Figure 18.Generator’s root locus. Real pole dominance. The relation between the complex 
conjugate poles’ asymptote and the real pole (s=-4) fixed to 10. 
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From the previous equation, with dominance=10, real pole=-4 and the open loop poles (plant 
poles), a=kig/kpg can be found. Then, a=130. 
Once “a” has been found, the module restriction will be used to find kpg, and consequently kig. 
Then, the system will be tested with a unitary step input to check whether the response 
behavior is as designed or not. 
Knowing that s=-4 is a close loop pole, the following equation needs to work: 
 
Denominator s = 1 + k!" · k · s + as · s − p! · (s − p!) = 0 
 
Therefore: 
 
k!" · k · s + as · s − p! · (s − p!) = 1 
 
Evaluating the last equation with s=-4, kpg=0.0025 is found, hence kig=0.3267. 
Then, the close loop poles are: 
 s! = −4 s!,! = −103 ± 54586j 
 
In Figure 19, the system’s root locus with the final close loop poles in black can be seen. 
Besides, the complex poles’ asymptote has been drawn with a dashed line. 
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To check if the controller meets the design requirements, a step input simulation has been 
carried out (Figure 20). Actually, it perfectly meets the design requirements. 
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Figure 19.Generator’s root locus with final poles location 
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Figure 20.Generator’s unitary step response. 
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7.1.6. Simulations and final adjustments 
To check the controller configuration in the generator model, a generator+control model has 
been done with Simulink.  
 
 
 
Now that all the values have been defined, it is time to simulate the model+control and find if 
the selected kPg and kIg work well with the model always ensuring stability, setting time and 
first order behavior. The wheel rotational speed has been fixed to 25 rad/s. 
Figure 21. Simulink model of the generator with its control PI subsystem. Inputs: 
constant pedaling torque, rotational wheel speed step input and gear ratio. 
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In the upper chart made with Matlab after simulating the Simulink model with the control 
parameters, the speed of the pedals lasts around a second to get to the desired speed of the 
pedals, which is what the requirements asked for. 
 
The upper chart shows the control input behavior for a step input rotational wheel velocity. 
Since the control input does not surpass 1, it is perfectly feasible. The problem comes when 
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Figure 22. Evolution of the rotational speed of the pedals vs the desired speed input 
proportional to the wheel rotational speed. 
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Figure 23. Evolution of the control input of the generator. Always between 0 and 1. 
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either the gear ratio is too high or the bicycle speed is too much. Then, the control input of 
the system becomes greater than 1, as shown in Figure 24 where the gear ratio has been 
boosted to 0.6. In no case can the power converter provide more voltage than the given by 
the battery, that is why the maximum value of the control input is 1. 
 
 
In Figure 24 the control input needs to go up to 1.2 to meet the bicycle velocity requirements 
and achieve the desired pedaling pace. This is not an electrically permitted point to reach. 
To avoid the control input surpassing 1, the control input has to be saturated from 0 to 1. In 
Figure 25 the last simulation has been rerun both with saturation and without it in order to 
see the difference between the saturated and the not saturated models. 
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Figure 24. Chart where the pedaling pace achieves its maximum value (12.6 rad/s) and 
the control input surpasses its maximum value (1). 
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In the upper chart, when the control input is saturated, so is the pedaling pace. When the  
not-saturated control realizes that there is an error between the pedaling pace and the 
desired pedaling pace, it tries to shrink this error by boosting the control input, which is the 
effect that has the integer part while there is error between the desired value and the real 
value.  
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Figure 25. Saturation of the control inputs that makes the pedaling pace fail in its attempt to achieve the 
desired pedaling pace. Beneath, a comparison between the saturated and the not saturated control inputs. 
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When saturated, the integral part of the control PI continues gathering error that when 
unsaturated will cause a slow response. To lower this effect, an anti-windup has been 
installed in the Simulink model (Figure 26). In Figure 27 there are the results of a simulation 
that has a period of non-reachable speed for the control, hence the saturation. Then, it 
compares the response after saturation for various values of anti-windup coefficients to show 
how anti-windup systems help speeding the response. 
 
 
As it can be seen in the Figure 27, there is saturation of both the pedaling speed and the 
control input at around 1.5 seconds from the beginning of the simulation. Once the desired 
speed becomes reachable again, the response time of the model with anti-windup systems is 
far lower than the response time of the model without this system. Just as a reminder, the 
delay in response is caused by the accumulation of error in the integral part of the PI when 
the control input is saturated. Besides, the greater the anti-windup coefficient the faster the 
response. In Figure 28 there are some examples showing how the greater the anti-windup 
coefficient the lower the error accumulated in the integer part of the PI. Also, the control input 
without anti-windup system grows indefinitely hence the uncontrollable growth of error 
accumulated. 
  
 
 
Figure 26. Screenshot of the control PI of the generator with its saturation between 0 and 1 and its anti-windup 
system shrinking the effect of the integral part of the PI. 
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Figure 28. The greater the anti-windup coefficient the lower the area between the saturated control input and the 
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Summing up, the control design chosen for the generator is a PI controller with kPg=0.0025 
and kIg=0. 3267. There has been installed a saturation block in order to avoid the control 
input surpassing 1. Finally, an anti-windup system has been installed in order to prevent slow 
response after saturation. It has been proven that the greater the anti-windup coefficient the 
faster the response after saturation because of less error accumulation in the integral part of 
the PI. 
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7.2. MOTOR CONTROL DESIGN (LINEAR APPROXIMATION METHOD) 
The motor model is non-linear due to the aerodynamic drag losses. For that reason, the 
model has to be linearized around an equilibrium point in order to design its controller. 
 
7.2.1. Linearization 
First of all, let us remember the model chosen for the motor. In this case, the slope gradient, 
the battery voltage, the frontal wind and the pedaling torque are assumed constant: 
 
J! +m · r! dω!dt = −b! · ω! + k! · i! − r! · (F! + F! + F!) 
 
L! · di!dt = −R! · i! − k! · ω! + V!"# · u! 
 
Where Fw, Fs and Fb are defined by: 
 
𝐅𝐰 = C! · ρ · A · (!!·!!!!!)!!             𝐅𝐬 = m · g · sin α               𝐅𝐛 = m · g · (C!" + C!" · ω! · r!) 
 
The state vector (x) and the vector of inputs (u) are: 
 
x = ω!i!                              u = u! 
 
For controlling the motor, the applied torque in the pedals has to equal the pedaling torque 
times the gear ratio. With this control, the feeling of the rider will be complete proportionality 
between the pedaling torque applied with his/her legs and the torque applied at the wheel to 
move the bicycle. To understand it better, this would be common behavior in a “fixie” bicycle, 
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with a two way clutch transmission. All equilibrium point states will be written with a 
superscript *. The equation that equals both the torque in the pedals and in the wheel is: 
 k! · i!∗ = K · τ! 
 
i!∗ = K · τ!k!  
 
Now, the equilibrium point will be calculated. Firstly, the balance equations have to be 
defined: 
 0 = −b! · ω!∗ + k! · i!∗ − r! · (F! + F! + F!) 
 0 = − R! + R!"#$% · i!∗ − k! · ω!∗ + V!"# · u!∗ − R!"## 
 
Then the equilibrium point will be obtained isolating both ωm* and um* from the previous 
equations and replacing im* with the expression defined above. Since there the aerodynamic 
drag equation has a square ωm*, there will always be two solutions for the equilibrium point 
equations. Obviously the more coherent one will be chosen. 
Then, the linearization equation [26] is developed evaluating it with the equilibrium point 
found from the previous equations. From now on the linearized variables will be printed with 
an upper line: 
 
e = ∂f∂x x = x∗u = u!∗ · e + ∂f∂u x = x∗u = u!∗ · u = A · e + B · u 
 e! = C · e 
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Where “e” is the error (difference between the desired value of the variables and their real 
value), f is the equilibrium point system and ey is the output variable error, in this case im. “A” 
is a 2x2 matrix while “B” becomes a 2x1 matrix and “C” becomes a 1x2 matrix: 
 
A = −bm + Cd · ρ · A · ωm∗ · rw + vf · rw2 + rw2 · Crv ·m · gJm +m · rw2 kmJm +m · rw2− kmLm − (Rm + Rcondm)Lm  
 
B = 0!!"#!!                   C = 1 0  
 
Now, let us test how a proportional+integral control (PI) works with the motor model. 
Therefore, the control parameter (u) is replaced by the PI equation: 
 u = −k!" · e! − k!" · e! · dt = −k!" · e! − k!" · z 
 z = e! = C · e 
 
Where the integer part “ 𝑒! · 𝑑𝑡” has been replaced by “z”. 
Now, the linearized system becomes: 
 e = A · e − B · k!" · C · e − B · k!" · z = A − B · k!" · C · e − B · k!" · z 
 z = e! = C · e 
 
Finally, the closed loop system is: 
 ez = M · ez = A − B · k!" · C −B · k!"C 0 · ez  
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M = − bm + Cd · ρ · A · ωm∗ · rw + vf · rw2 + rw2 · Crv ·m · gJm +m · rw2 kmJm +m · rw2 0− (km + Vbat · kPm)Lm − (Rm + Rcondm)Lm − k!" · V!"#L!1 0 0  
 
 
7.2.2. Constants definition 
Next step is giving a numerical value to all the constants appearing in the system. After a 
thorough research, coherent values of Jm, bm, Lm, Rm, Rcondm, Cd, ρ, A, rw, vf, Crv, m, km and 
Vbat have been chosen according to the project specifications. These values are: 
 bm = 0.001 [Nms] 
 Rm = 0.01 [Ω] 
 Rcondm = 0.0001 [Ω] 
 Jm = 0.0001 [kg·m2] 
 Lm = 0.001 [H] 
 Cd = 1 
 ρ = 1.2 [kg/m3] 
 A = 0.5 [m2] 
 rw = 0.3 [m] 
 vf = 5 [m/s] 
 Crv = 0.003 
For the mass of both the bicycle and the rider together a value of 100 kg has been adopted. 
The average mass of electric bicycles is between 15 to 30 kg while an adult normal weight 
could be between 70 to 80 kg, altogether approximately 100 kg. 
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Concerning the battery voltage, a constant value of 48V has been selected like in the 
Generator Control Design section because of the parallel project that Melani Martínez Paez 
has been carrying out during the year as seen in “2. Origin and Scope” section. The battery 
voltage has been considered constant to simplify the model verification. Nevertheless, a 
complete battery model will be used when running simulations of the entire system of the 
bicycle. 
When we ignore the losses and the transition state in the electric equation of the motor 
model, everything is simplified to: 
 k! · ω! = V!"# · u! 
 
Then, the most extreme situation desired has to be defined. The um input can have a value 
between 0 and 1 because the power converter can provide the motor with voltages between 
0 and the battery voltage. When is 1, the maximum torque will be given by the motor. The 
most extreme situation found in the motor is the maximum speed desired. Then, 35 km/h has 
been defined as top cycling speed, which is equivalent to 32.4 rad/s of rotational velocity of 
the wheel and will make the input variable rise to 1, which is the maximum value of the 
control input. With this configuration, the km value becomes 1.5 approximately. 
Finally, the gear ratio and the pedaling torque will be the same as the ones selected in the 
Generator Control Design section (K = 0.4 and τp = 40 Nm) and the slope grade will be 0 to 
simplify the design. 
With all values defined, the equilibrium point has been calculated: 
ωm* = 19.41 [rad/s] 
im* = 10.7 [A] 
um* = 0.61 
Now, the state space matrices are the following: 
 
A = −0.0945 −0.1667−1500 −10                  B = 048000                   C = 0 1  
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7.2.3. PI Controller Design 
Now, good performance kPm and kIm will be searched in order to obtain fast and stable 
response when step entry. 
Like in the generator’s controller design section, the motor’s transfer function has been found 
to work on it to find the best PI controller gains possible. The motor’s transfer function is 
then: 
 
G s = 4.8 · 10! · s + 4535s! + 10.09 · s + 250.9 
 
Note that the plant’s gain is 4.8·104 and it has 1 zero and 2 poles: 
 p!,! = −5.05 ± 15.016j z = −0.0945 
 
The PI controller adds 1 zero and 1 pole (as seen in the generator’s control design section): 
 
C s = k!" + k!"s = k!" · s + k!"s = k!" · s + k!"k!"s = k!" · s + as  
 
Then, the motor’s close loop system is: 
 
H s = C s · G(s)1 + C s · G(s) = k!" · k · s + a · (s − z)s · s − p! · (s − p!)1 + k!" · k · s + a · (s − z)s · s − p! · (s − p!) 
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Where k is the plant’s gain, a is the connection between the proportional and the integral part 
of the controller and p1,2 are the plant’s poles.  
Therefore, since two unknown values have to be found (“a” and “kpm”), the system has two 
degrees of freedom: the control’s zero and kpm. The root locus of the system has a shape 
similar to the following (always depending on the control’s zero placement, of course): 
 
As seen in Figure 29, when boosting kpm, the integral pole approaches the plant’s zero while 
the complex and conjugate poles coming from the plant meet at a certain point on the real 
axis and one of them approaches the controller zero while the other goes to the left, to minus 
infinity. 
The controller design strategy will be to fix the always-real close loop pole to be close 
enough to the plant’s zero so their effect is cancelled, because this pole is always too small 
and would slow down the response too much. Then, another real pole will be defined, the 
one that tends to minus infinity. This pole, if negative enough, will have two important effects 
on the response: 
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Figure 29.Motor’s root locus example. 
62	   MODELING AND SIMULATION OF THE TRANSMISSION SYSTEM FOR A CHAINLESS ELECTRIC BICYCLE	  
 
   
- It will cancel the remaining pole effect, since it will be close enough to the controller’s 
zero and they will both be cancelled. 
- It will fix the setting time of the step response, now that the other two poles’ effects 
have been cancelled. The setting time will be found with the following expression: 
 setting  time = − 4pole   [seconds] 
 
The first pole has been fixed to -0.094, very close to the plant’s zero (-0.0945) in order to 
almost cancel their effect. Then, after several attempts, the other pole has been fixed to -
5000, obtaining a setting time of 1 millisecond, which has been considered feasible, coherent 
and fast enough. With this two close loop poles fixed, the other pole, kpm and kim are 
obtained. 
To get kpm and kim the close loop system’s denominator is equated to zero with the two poles 
fixed previously. Therefore, an equations system of two equations and two variables is 
obtained. The solution of the system is: 
 k!" = 0.1042 k!" = 1.0213 
 
And the remaining pole has been found to be -9.855, which is very close to the controller’s 
zero (-9.8052), so their effect will be nearly cancelled, as designed. 
The root locus of the final system with the close loop poles and zero placement is the 
following: 
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Please note that the dominant pole has not been plotted since its absolute value is too big 
and would have resized the image so badly. Also note how the other two poles are almost on 
both close loop zeros, hence their cancelation. 
Finally, let us take a look at the step response of the system with the controller’s 
configuration found to check whether its behavior is as expected or not. As seen in Figure 
31, it actually behaves exactly as expected (setting time of 1 millisecond and first order 
behavior): 
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Figure 30. Motor’s final root locus with pole placement, plotted in dark. 
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7.2.4. Simulations and final adjustments 
To check the PI controller configuration found previously, a motor+PI model has been done 
with Simulink.  
 
Figure 32. Simulink model of the motor with its control PI subsystem. Inputs: constant 
pedaling torque and gear ratio. 
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Figure 31. Motor’s step response. 
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Now that all the values have been defined, it is time to simulate the model+control and find 
out how a realistic model behaves in front of an step input. 
In the lower chart (Figure 33) made with Matlab after simulating the Simulink model with the 
control parameters, the motor torque lasts less than 1 millisecond to get the desired torque 
defined by the pedaling torque, which is a fast and stable response. Note that is a little bit 
faster than the step response designed due to external disturbances and the linearization 
approximation method used.  
 
 
Nevertheless, it can be seen how the Motor Control Input surpasses 1, the maximum value 
reachable for the Motor Power Converter, as explained in the Generator Control Design 
section. When a motor is motionless and is started, the motor torque needs to be greater 
than the static resistant torque to start spinning. When powered, the counterelectromotive 
term is null due to its proportionality with rotational speed and all the incoming voltage goes 
to the rotor’s winding causing an extraordinary current flow much greater than the nominal 
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Figure 33. Step response for the motor control. 
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one. Therefore, a saturation block has to be located in the Simulink model to avoid the Motor 
Control Input surpassing 1. With saturation (Figure 34), the response time is more less the 
same than without saturation, since the saturation period is short. 
 
 
Then, a 50 seconds simulation has been carried out to show how the bicycle velocity 
stabilizes at around 6 m/s (21.6 km/h) with a constant motor torque (Figure 35). When the 
bicycle sets off, the Control Input signal is saturated for some jiffs, as explained a paragraph 
above. Afterwards, it becomes proportional to the bicycle speed. 
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Figure 34. Motor step response with saturation. 
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The problem comes when the pedaling torque is sufficient to boost the bicycle speed over 35 
km/h (9.7 m/s). Then, the Motor Control Input enters into a saturation period and the torque 
is therefore cut off a little bit to guarantee bicycle’s top speed (Figure 36, where the pedaling 
torque has been boosted to 80 Nm). The Motor Control Input without saturation starts 
growing when the control detects an error between the desired torque and the motor torque, 
as shown in the comparison of Figure 36, because of the accumulation of the integer part of 
the PI. 
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Figure 35. Bicycle velocity evolution for an in-range Motor Control Input with the 
starting saturation exception. 
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In Figure 37 the initial pedaling torque is sufficient to saturate the power converter (Control 
Input = 1) in less than 15 seconds. All the time the power converter is saturated, the real 
torque is lessen from the desired torque, hence the accumulation of error in the integral part 
of the control. At 25 seconds from the beginning, the pedaling torque decreases and 
releases saturation. Then, a comparison between systems with and without anti-windup can 
be seen in Figure 37. Obviously, it is much faster the after-saturation response when an anti-
windup system is being used, because it offsets the accumulation of error in the integral part 
of the PI. 
Besides, in Figure 38 there are some examples showing how the greater the anti-windup 
coefficient is, the lower the error accumulated in the integer part of the PI. However, the anti-
windup coefficient cannot be increased ad lib because the greater the coefficient the more 
unstable the unsaturated control input.  
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Figure 36. Bicycle velocity saturation with its Motor Torque shrinkage and the comparison 
between its saturated Motor Control Input signal and the non-saturated one. 
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Summing up, the control design chosen for the motor is a PI controller with kPm=0.1042 and 
kIm=1.0213 . There has been installed a saturation block in order to avoid the control input 
surpassing 1. Finally, an anti-windup system with a coefficient of 1 has been installed in 
order to prevent slow response after saturation. 
 
7.3. VERIFICATION OF THE ENTIRE MODEL 
In this section the complete system behavior (motor+generator+battery+power converters 
+controllers) will be checked with all the parameters defined in previous sections. Firstly, a 
constant pedaling torque will be considered, even though a real rider is unlikely to realize 
such a torque. Later in this section a real pedaling torque model will be done and simulated 
to assure a correct behavior in realistic conditions. Moreover, a complete battery model will 
be included to ensure realistic conditions such as charge and discharge of the battery. 
7.3.1. Complete model control design verification 
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Figure 39.Motor Torque behavior for a step pedaling torque input and its control input. 
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In Figure 39, the motor torque response lasts around 0.6 milliseconds to get the desired 
motor torque, a really fast and stable response providing that the stationary error becomes 0. 
As a result of that, it can be concluded that the motor has optimum behavior. 
 
 
 
In Figure 40, the pedaling speed response can be seen. It keeps stalking the continuously 
changing desired speed. As seen in Figure 41, the maximum error is found in the setting off, 
where some normal and negligible oscillations are found. This maximum error is around -
0.08 rad/s, which is very small compared to the speeds reached by the bicycle. From 
departure, the error diminishes until it is practically 0. 
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of the wheel. 
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In Figure 42, the motor output power and the pedaling power generation are practically the 
same, and their little differences are caused by control errors and friction and electric losses. 
A little oscillation coming from the pedals can be seen at the departure as seen in the 
previous pedaling speed comparison. 
 
Time [s]
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1P
ed
ali
ng
 S
pe
ed
 [r
ad
/s]
0
0.02
0.04
0.06
0.08
0.1  
Desired Pedaling Speed
Real Pedaling Speed
Time [s]
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1Pe
da
lin
g 
Sp
ee
d 
Er
ro
r [
ra
d/
s]
-0.1
-0.05
0
0.05
Figure 41. Zoom in of the pedaling speed.  
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Figure 42.Comparison between the pedaling input power and the motor output power.  
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Since there are losses and control errors, a balancer system is needed to supply enough 
energy to the motor. This balancer system is the battery. As seen in Figure 42, the incoming 
power in the generator is lower than the motor output power, the difference between them is 
supplied by the battery. Therefore, as seen in Figure 43, there is certain discharge of the 
battery. 
 
Summing up, the complete model behaves as expected and has good response timing. The 
only anomaly is found when setting off in the generator, where there are some oscillations. 
Anyway, these oscillations are negligible, as said before. Therefore, it can be concluded that 
the system is more than valid for the purpose it has been designed for. 
 
7.3.2. Real pedaling torque 
In this section a realistic pedaling torque will be added to the complete model of the 
chainless electric bicycle instead of the constant pedaling torque used until this point during 
this project. 
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Figure 43. Battery discharge process.  
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Firstly, there are two ways of pedaling: the round pedaling and the piston pedaling 
[20][24][25]. The first one is done by skilled cyclists with special pedals and shoes and is far 
more efficient than the piston pedaling, which is done by beginners or inexpirienced riders. 
 
On the left side of Figure 44, a complete one-leg pedaling cycle can be seen. On the way 
down, the leg applies its maximum torque (power phase) while when coming up (recovery 
phase) there is negative torque application that is counterproductive. The same idea can be 
seen in the chart of Figure 44, where the power applied in the pedal of one-leg has been 
illustrated. From the top position to the lower position, positive torque is applied. However, 
when coming back, there is some negative torque. The difference between experienced and 
inexperienced riders is basically the negative torque application (recovery phase). For the 
more skilled ones, the negative torque is much lower than for the beginners. 
In this project a normal inexpirienced rider will be assumed providing it is a urban vehicle 
what it is trying to be designed, and anyone should be able to ride it. Even though nobody is 
capable of applying exactly the same torque with both legs (there is always a more powerful 
leg), the same torque intensity will be considered for both legs of the rider to simplify the 
system. 
After applying a polynomial regression to experimental pedaling force measures, Figure 45 
has been obtained, where the red and blue curves are single leg applied force in a complete 
pedaling cycle and the green one is the sum of both, which is what enters the system. 
Figure 44. One leg applied torque in a complete pedaling cycle.  
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Since the pedaling torque depends on the pedal crank position, a new Simulink subsystem 
has been created with the pedaling speed as an input. Then, it is transformed to crank 
position by an integrator, and passed through a lookup table with the maximum force cycle 
feasible by an average adult male. The integrator is self-resettled to allow the system realize 
as many cycles as desired. Then, a coefficient entered as a parameter times the force 
obtained after the lookup table (which is the maximum) becomes the force intensity chosen 
for the current simulation. Finally, the force curve obtained times the crank length is inserted 
in the system as the pedaling torque, not constant anymore. 
Figure 45. Pedaling force in a complete pedaling cycle. Y axis is Force [N] and X axis is degree [º].  
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A 50 seconds simulation has been carried out with the new pedaling torque system. A force 
intensity of 65% has been chosen for this simulation. As seen in Figure 47, the motor torque 
follows faithfully the pedaling torque input. However, both the wheel’s speed and the 
pedaling speed are much smoother than torque signals, exactly the same behavior as in a 
conventional bicycle. Consequently, it has been concluded that the system still has great 
performance and behavior even when realistic pedaling torque is submitted. Finally, just as a 
remark, it can be perfectly observed that the faster the pedaling speed, the faster the 
pedaling torque cycle is done. From now on, the pedaling torque used for the definition of the 
riding modes will be the realistic one designed in this section, to make it all closer to reality. 
Figure 46. Screenshot of the subsystem created to model a realistic pedaling torque. 
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Figure 47. Complete system behavior with realistic pedaling torque. 
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8. RIDING MODES 
 
One of the big points about using a chainless transmission in an electric bicycle is the 
freedom of not having any mechanical attachment between the pedals and the rear wheel. 
Consequently, any type of bicycle and any imaginable type of assisted riding or energy 
regeneration can be implemented/emulated by redesigning the controllers of the power 
converters. In this section, some riding modes have been designed and tested to give some 
examples of the system’s possibilities. 
 
As seen in the previous diagram (Figure 48), two main modes will be defined that the rider 
will be able to choose from. The first one is a Conventional Bicycle Emulation mode, which 
tries to make the rider feel like riding a conventional bicycle with freewheel mechanism. The 
Figure 48. Diagram of the riding modes defined in this project. 
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second main mode is the Fixed-Gear mode, which makes the rider feel like cycling with a 
“Fixie” bicycle. Fixed-gear bicycles are normally single-speed and have two-way clutches, 
which means that there is always proportionality between the pedaling speed and the rear 
wheel speed. 
Besides, independently from the main mode chosen, the rider will be able to choose from 
various types of assistance (proportional, custom, iAssisted) and will benefit from many types 
of energy regeneration such as maximum speed limitation when going downhill, regenerative 
braking, pedal regenerative braking (Fixed-gear only) and pedaling energy regeneration 
(Freewheel only). 
Being able to define such a wide range of modes and features within the same transmission 
system can only be accomplished by a chainless architecture, since other types of bicycles 
have restrictions like a chain or not being able to generate electric energy in the pedals. 
8.1 CONVENTIONAL BICYCLE EMULATION 
The main goal of this project has been to create a bicycle transmission system that would 
enable any ordinary bicycle rider to master this new bicycle concept without any type of 
training or previous experience. For that purpose, the first mode that was designed is the 
Conventional Bicycle Emulation mode. 
Mainly, the challenge faced with this mode was to create a freewheel mechanism emulation 
with electronic controllers to allow the rear wheel to turn faster than the pedals when needed 
and reclutch when the spinning systems’ speeds are to be equal again. 
When riding in this mode, the cyclist has to feel complete proportionality between what is 
happening in the pedals and what is happening in the rear wheel in terms of torque and 
rotational speed. Therefore, the bicycle needs to be what we call “feedback friendly”, which 
means that the rider has to feel like riding a conventional and ordinary bicycle even though 
no chain couples the pedals to the rear wheel. 
When trying to define the logics of the controllers to design this mode, some struggling was 
faced when looking for the trigger between clutching and unclutching the pedals to the rear 
wheel. 
In a conventional bicycle, whenever the rear wheel accelerates more than the pedals do due 
to external inputs such as slope gradient or because of pedaling torque application decrease, 
an unclutching between the wheel and the pedals happens to prevent the pedals form 
spinning independently against the rider will. Then, whenever the rider applies enough torque 
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again or the slope gradient starts boosting, the system clutches back to allow the rider 
accelerate the bicycle. 
 
 
After several attempts, when looking for the unclutching/clutching trigger, the simplest idea 
brought the solution. The motor acting as a generator in the pedals has to be used for this 
purpose exclusively, generate energy. Whenever the generator tries to consume electricity, 
which means generate motion independently, it is time to unclutch it from the rear wheel and 
let it spin freely. If it was not unclutched, the pedals would spin by their own, which is the 
typical behavior of a fixed-gear bicycle, a mode also designed in this project and explained in 
further sections. 
Therefore, the solution was to saturate the generator’s current so it could not consume any 
energy, only generate it. 
In Figure 50, a Conventional Bicycle Emulation mode simulation has been carried out. It 
starts with a 20 seconds flat ground period and then a downhill, uphill climbing and downhill 
cycle, 20 seconds each period. 
In the first period (when flat), the rider applies a medium torque. Then, when going downhill, 
the rider applies a minimum pedaling torque of 3 Nm. During this period, it can be seen how 
the rear wheel speed unmatches the pedaling speed. The rear wheel’s speed keeps boosting 
due to slope gradient while the pedaling speed starts oscillating around a saturated average 
Figure 49. Freewheel mechanism of a conventional bicycle. 
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value. The oscillations are caused because of the unclutchment, since no inertial mass such 
as the bicycle or the rider in a conventional bicycle would be attached to the system (the 
pedals spin freely with the unique opposition of the internal friction losses) and the rotational 
speed of the pedals follows the oscillating pedaling torque much closer. During this period, it 
can be seen how the unclutchment causes complete disconnection of the motor (motor 
torque equals zero) even though the rider keeps applying a minimum but different to zero 
pedaling torque. 
Then, the rider starts applying a great amount of torque and the pedaling speed catches the 
rear wheel speed again. 
After the uphill climbing, the rider is tired and decides to stop applying any pedaling torque 
during downhill. Therefore, the pedaling speed goes to zero while the bicycle’s speed starts 
boosting. The motor is unclutched again and stops applying any torque to the rear wheel.  
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Figure 50. Conventional Bicycle Emulation mode simulation results. 
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8.2. FIXED GEAR 
A fixed-gear bicycle has a two-way clutch transmission which means that it has not got 
freewheel mechanism. The rider cannot keep the pedals stationary while the bicycle moves 
by its own kinetic energy; there is always proportionality between the spinning speeds of both 
the pedals and the real wheel. Generally, this type of bicycles is single-speed, which means 
they only have one gear. Also, usually these bicycles do not have brakes at all, since 
negative pedaling torque is applied to generate a proportional negative torque in the rear 
wheel that slows down the bicycle.  
 
 
 
Figure 51. Fixed-gear simulations results. 
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In this mode, the saturation placed in the generator current from the Conventional Bicycle 
Emulation mode has been taken off to let the pedals move independently when needed and 
to let the rider apply a negative torque to brake the bicycle and lower its speed. 
Figure 50 shows information about a fixed-gear cycle simulated with Matlab/Simulink. The 
simulation lasts 50 seconds. The first 10 seconds are done in flat pavement, then 20 
seconds of descent are done, later 10 seconds going uphill and finally 10 more flat seconds. 
During the simulation, the pedaling torque intensity is medium when riding flat and it is turned 
to top intensity when riding uphill. When going downhill, no pedaling torque is applied but for 
the period between 20 to 25 seconds, when negative torque is applied acting as a fixed-gear 
pedaling brake. This pedaling torque sequence has been chosen to emulate normal riding 
situation, the steeper the slope the tougher the pedaling. The negative torque is applied to 
better understand the braking procedures of fixed-gear bicycles. 
It can be easily seen how the pedaling speed and the wheel rotational speed are 
proportional, since they behave similarly but for their proportional ratio, which is the gear 
ratio. Both speeds increase when going downhill and diminish when going uphill. Moreover, 
in the middle of the downhill section, the rider applies a negative torque (pedaling in reverse) 
and it acts as a brake decelerating the bicycle. 
In Figure 52 the control input signal appears, showing how every time the pedaling torque 
boosts or shrinks drastically, the control input boosts or shrinks equally even getting 
saturated. It is no big deal since it happens momentously and it does not change the 
system’s behavior.  
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8.3. ENERGY REGENERATION 
One of the main advantages of the electric motors that make them more efficient compared 
to other types of propulsion systems is the possibility of regenerating energy and recharging 
the battery while braking. In this section, some regenerating modes are exposed and 
designed, showing their testing simulations and drawing conclusions.  
8.3.1. Maximum Controlled Downhill Speed 
In Figure 53, a descent simulation of the model (see first chart for road profile vs time) has 
been carried out. The bicycle’s speed keeps increasing until is saturated due to control input 
saturation. Until that point, the bicycle descents freely through the slope without any energy 
recovery. After that point, in order to maintain the saturated speed, a negative torque is 
applied (braking torque) which leads to a certain battery charging current that recharges the 
battery. 
Figure 52. Fixed-gear’s control input simulation chart. 
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This behavior is the natural behavior of the motor and can be perfectly used to control 
descent speed in steep grades  as a safety aid and charge the battery simultaneously. 
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Figure 53. Descent simulation with energy recovery when the control input is saturated. 
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8.3.2. Regenerative Braking System 
Since the electric motor can be used as a generator, some of the kinetic energy of the 
system can be transformed into electric energy to recharge the battery. For this purpose, the 
rider would have both a regenerative braking lever to lower the speed turning the motor to a 
generator mode and a mechanical and ordinary brake lever just in case the electronic system 
fails or the braking intensity required is greater than the one provided by the motor. 
 
 
 
10 15 20 25 30 35 40
Pr
of
ile
 [m
]
-30
-20
-10
0
10 15 20 25 30 35 40B
icy
cle
s S
pe
ed
 [m
/s]
4
5
6
7
8
9
10 15 20 25 30 35 40M
ot
or
 T
or
qu
e 
[N
m
]
-40
-20
0
Time [s]
10 15 20 25 30 35 40
SO
C
0.5
0.505
0.51
Figure 54. Descent simulation with regenerative braking. 
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In Figure 54 (only showing from time=10s to time=40s to better see the braking behavior), a 
descent simulation has been executed. The system’s speed is increasing due to the slope 
degree until the rider pulls the regenerative brake lever when time is 20 seconds and the 
speed diminishes. Afterwards, the bicycle continues accelerating since the rider is not 
braking anymore and there is still a steep downhill slope grade. 
8.3.3. Pedaling Energy Regeneration when Unclutched 
When going downhill or riding fast and diminishing the pedaling torque applied, like a 
conventional bicycle, unless the rider starts pedaling at an extraordinary pace, the rear wheel 
usually spins freely until some braking is desired, leaving the pedals without any resistant 
torque. This is what is called freewheel mechanism of bicycles. With a chainless electric 
bicycle transmission the rider could have the chance to select a desired pedaling resistant 
torque or a desired pedaling pace and keep pedaling even when unclutched and the rear 
wheel is turning freely. This way, there would be a great amount of energy recovery both 
coming from the pedals and from braking. Thus, this type of transmission allows greater 
freedom regarding energy recovery mode design. 
In Figure 55, the rider is going downhill all the simulation and he/she has selected a constant 
pedaling pace regardless his/her pedaling torque, so the resistant torque is constantly 
updating to prevent the pedaling pace from being greater or lower than the desired. In fact, 
during the simulation, the rider applies two different pedaling torque intensities. Even though 
the pedaling pace remains the same the greater the pedaling torque the more energy 
recovery accomplished. During the descent, there is some point where the rider finds some 
kind of hazard that makes him/her brake with the regenerative braking lever (t=15 sec). 
Furthermore, there is some point when the bicycle’s speed reaches the saturation, hence 
some extra energy regeneration then as well. This way, a lot of energy can be recovered 
when going downhill, energy that could be used afterwards when going uphill to prevent the 
rider from exhausting him or herself too much. 
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Figure 55. Power regeneration with pedaling regeneration, saturation regeneration and braking regeneration. 
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8.4. ASSISTED MODE 
One of the most important features of an electric bicycle is the possibility of getting some 
help from the battery when going uphill or even just to avoid exhaustion. There are many 
types of assistance: proportional to the pedaling torque, slope gradient proportional, throttle 
assistance or even iAssitance (which will be exposed in a further section). 
 
8.4.1. Proportional Assisted Mode 
One of the most commonly used assisted mode is the Proportional Assisted Mode, which 
releases an amount of power from the battery proportional to the pedaling torque applied by 
the rider. In fact, is the rider who chooses the proportional ratio between the pedaling torque 
and the battery aid.  This way, the rider can change his preferences from any type of user 
interface whenever he/she wishes to, depending of how tired he/she is, the amount of battery 
left, or any other factor. On top of that, the rider could even select a proportional ratio which 
does not help but recharges the battery while riding, in case the battery level is low and a 
long uphill slope is foreseen. Some examples are shown in Figure 55 to get an idea of how 
useful this type of assistance could bring in a day to day commuting vehicle. 
In Figure 56, a cycle of flat+uphill+flat profile can be seen. The rider adapts the pedaling 
torque applied to the road gradient. Therefore, the greater the gradient the greater the 
pedaling torque. Three different simulations have been carried out. The first one (red) is 
without any assistance, another (blue) with some battery assistance (50% of extra torque) to 
let the rider go faster with equal pedaling torque and finally one simulation (green) with 
negative assistance to recharge the battery while riding (20% less power applied in the 
motor). The last one makes the rider tire more than he/she would tire with a conventional 
bicycle. However, the unused energy is not lost but stored in the battery for upcoming events 
such as uphill climbing.  
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Figure 56. Flat+uphill+flat cycle to compare different assistances. In blue, 50% of assistance. In red, no 
assistance. In green, -20% of assistance (battery charging). 
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8.4.2. Custom Assistance 
One interesting mode that could be defined with a chainless architecture would be a 
customizable assistance. 
The rider could select the type and intensity of assistance depending on battery charge, 
slope gradient or tiredness (with a heart rate sensor located on the handlebar). All these 
customizable features should be selected from an Smartphone Application interface by the 
rider and implemented in the bicycle by Bluetooth. 
In the next figure, the rider would have selected proportional assistance depending on slope 
gradient and battery state of charge: 
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Figure 57. Proportional assistance chosen by the rider depending on slope gradient and 
battery state of charge. 
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Finally, the overall graph of the percentage of assistance provided by the battery to allow 
less human energy expenditure depending on slope gradient and battery state of charge is: 
 
8.4.3. iAssited Mode 
Even though this riding mode has not been fully developed and designed in this project, it 
has been deeply thought and could perfectly fit in a future or further project environment 
related to the present project. 
Firstly, an Smartphone Application should be developed to let the rider introduce the route 
intended to realize with a single battery charge. Then, a complex algorithm should be 
designed taking into consideration both the length and the profile of the route introduced by 
the rider. With all the route information, the system could adapt its assistance to the rider in 
real time depending on the rider tiredness (with a heart rate sensor in the handlebar), the 
slope gradient and the still lasting distance and profile to destination. This way, the system 
would ensure the rider would be able to get to destination with remaining battery charge.  
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Figure 58. Percentage of assistance depending on slope gradient and battery state of 
charge. 
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9. PROJECT BUDGET 
 
To make a close estimation of the economic budget that would be needed to realize this 
project in a real environment, the following facts (the more relevant) have been taken into 
consideration: 
 
- Equipment depreciation and amortization expenses due to use and time flow. 
- Transport costs to the university appointments with the project adviser. 
- Time spent doing the project of both the student and the project advisor. 
- Software licenses. 
 
Regarding the software licenses, two different software have been used in this project: 
Matlab/Simulink and Microsoft Office. The first one has a student version offer of 109 €/year 
including Matlab, Simulink and two Add-On programs needed for some calculations and 
simulations, while the second one has the same type of offer for 119 €/year including Word, 
Excel and Powerpoint. Since the project has lasted 9 months, the licenses have been used 
75% of their useful life, hence the proportionality in depreciation calculations. 
The laptop used throughout the project has a cost of 1100 €. Since computer equipment has 
an official useful life of 4 years, the depreciation of the laptop is calculated using the following 
equation: 
 
Depreciation = Time  UsedUseful  Life · Price 
 
In regards to human resources, there have been about 16 meetings with the project adviser, 
summing an overall spent time of about 20 hours. Besides, the student’s spent time on the 
project is split in two major parts. The first seven months of the project were combined with 
an internship. Therefore, the average time spent in the project was 8 hours/week. The last 
two months were of nearly full-time dedication, spending an average of 6 hours/working day. 
In the overall, the student spent a total amount of 464 hours on the project. The prices per 
hour chosen both for the project adviser and for the student are those recommended by the 
university. 
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Finally, the travelled distance between the student’s spot and the university is about 5 km, 10 
km round trip. Having met 16 times and at a cost of 5 cents per km by motorbike leads to a 
total cost for commuting of 8€. 
 
Equipment and Licenses Price (€) Useful Life [years] 
Use for the 
project 
[years] 
Depreciation 
(€) 
Matlab+Simulink+2 Add-On products License 
(Student Version) 109 1 0.75 81.75 
Microsoft Office (Word, Excel, Powerpoint) 
Student Version License 119 1 0.75 89.25 
Laptop 1100 4 0.75 206.25 
 
  
Overall 377.25 
     
Human resources and others Price Unit Price Quantity Price (€) 
Lecturer Advice (meetings) €/hour 35 20 700 
Student Time €/hour 8 464 3712 
Transport €/km 0.05 160 8 
   
Overall 4420 
     
   
Project 
Budget €4,797.25 
 
 
 
 
  
Table 3. Project’s Budget Summary. 
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10. CONCLUSIONS 
 
The electric bicycle business is an industry that has grown more than 1000% over the last 10 
years and it keeps growing. Moreover, in our country, there is still a long path to walk to 
reach countries like Germany or China in terms of electric mobility. Therefore, in the author’s 
humble opinion, new technologies and different ways of seeing this kind of bicycles will 
surely introduce these vehicles in our day to day commuting and lifestyle. 
Concerning chainless electric bicycle specifically, there is a place for more advance and 
“feedback friendly” inventions to improve the actual models in the market along with research 
of new more efficient both electric motors and regenerative software models. 
In this project a model of what would be a chainless electric bicycle has been accomplished 
mixing the electric equations of the motor, the generator, the battery and the power 
converters with the physics of the bicycle and the rider. Furthermore, fast, errorless to step 
inputs and reliable controllers have been designed adapting the method used to the 
hardware specifications. Then, it has all been deeply tested together to ensure great 
behavior and performance when used in realistic conditions. Obviously, this is a conceptual 
project, and all the conclusions drawn are obtained after simulating the model, which is close 
but not reality. To ensure great performance and to make final adjustments, a prototype 
should be built and tested in real use conditions. 
When control algorithms worked together as expected, new step was to design riding modes 
that would justify the use of a chainless electric bicycle in front of other types of electric 
bicycles or even a conventional one. Among these new riding modes, the one that has had 
more work on is the Conventional Bicycle Emulation mode, since the unclutching and 
clutching trigger of the pedals and the rear wheel has been tough to emulate with an 
electronic controller. Other designed riding modes that have been proven to work well are the 
Fixed-gear mode, the Proportionally Assisted mode and some Energy Recovery modes as 
well. 
Finally, a little hint of how an intelligent mode could be has been given, which could perfectly 
be used as a starting point for further projects and businesses. 
As a personal conclusion, I think this type of transmission would have its place in a market 
constantly expanding. Users would find both interesting and fun the freedom given by the 
lack of mechanical transmission to define new riding modes. Moreover, since this project has 
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been thought for urban commuting bicycles, the lack of a mechanical transmission permits 
an easier folding of the bicycle and a much cleaner transmission system, since no grease is 
required. But, on the other hand, it is a more expensive, complex and heavy system. 
Finally, concerning self-evaluation, I have had the opportunity to deepen in my control design 
knowledge and to apply much knowledge gathered during the bachelor to accomplish this 
project. I am really looking forward to the Final Master Thesis to continue with this project 
and if possible, to build a prototype and test it.  
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